Background: Significant blood loss is still one of the most frequent complications in spinal surgery, which often necessitates blood transfusion. Massive perioperative blood loss and blood transfusion can create additional risks. Aprotinin, tranexamic acid (TXA), and epsilon-aminocaproic acid (EACA) are antifibrinolytics currently offered as prophylactic agents to reduce surgery-associated blood loss. The aim of this study was to evaluate the efficacy and safety of aprotinin, EACA, and low/high doses of TXA in spinal surgery, and assess the use of which agent is the most optimal intervention using the network meta-analysis (NMA) method. Methods: Five electronic databases were searched, including PubMed, Cochrane Library, ScienceDirect, Embase, and Web of Science, from the inception to March 1, 2018. Trials that were randomized and compared results between TXA, EACA, and placebo were identified. The NMA was conducted with software R 3. Antifibrinolytics did not show a significantly increased risk of postoperative thrombosis. Results of ranking probabilities indicated that high-dose TXA had the greatest efficacy and a relatively high safety level. Conclusions: The antifibrinolytic agents are able to reduce perioperative blood loss and transfusion requirement during spine surgery. And the high-dose TXA administration might be used as the optimal treatment to reduce blood loss and transfusion.
Introduction
Significant blood loss is still one of the most frequent complications in spinal surgery and is especially common for complex spinal surgeries with prolonged operative times. [1] Massive intraoperative and postoperative blood loss may cause: anemia, organ damage, particularly cardiac, pulmonary, renal, and coagulopathy. Excessive blood loss inevitably requires aggressive blood transfusions, which increases the additional risk of transfusiontransmissible infections, [2] immunological transfusion reactions, and mis-transfusion, [3] in addition to increasing long-term mortality rates. Furthermore, the direct costs of the blood products and intraoperative blood salvage technology and indirect costs of prolonged patient hospitalization and complication management associated with major blood loss escalate the burden of health-care costs. [4] Therefore, the control of perioperative bleeding of spine surgery is an important issue. The efficacy of multidisciplinary approaches to blood conservation in spinal surgery has been shown. [1, 5] In spine surgery, increased fibrinolysis has been implicated as a contributing factor in excessive blood loss. [6] Antifibrinolytics, such as tranexamic acid (TXA), epsilon-aminocaproic acid (EACA), and aprotinin, through the inhibition of clot degradation to decrease blood loss and transfusion requirements, have generally gained popularity to use in spine surgery since the 1990s.
There is a considerable difference between the mechanism of action of TXA, EACA, and the serine protease inhibitor aprotinin. EACA and TXA are both small molecules with similar mechanisms that saturate the lysine binding sites of plasminogen inhibiting plasminogen and plasmin from binding to the surface of fibrin to suppress fibrinolysis. [6] While aprotinin inhibits serine protease to inactivate free plasmin, aprotinin has little effect on bound plasmin. [8] There have been numerous studies and meta-analyses on the use of antifibrinolytics to reduce the blood loss and transfusion in spinal surgery, however, the results are in conflict with each other. [7, 9, 10] Although plenty of research studies have compared these antifibrinolytic agents in spinal surgeries, there is no study comparing all of the above approaches with direct and indirect evidence. By using a network meta-analysis (NMA), we gathered current information on 3 drugs together, and then made comparisons with the direct and indirect evidence. NMA utility and value have been acknowledged widely. The aim of this study was to evaluate the efficacy and safety of aprotinin, EACA, low and high dose of TXA in spinal surgery, and assess which agents is the most optimal intervention by applying the NMA method.
Methods

Search strategy
Electronic literature searches, both manual and computer assisted, were conducted using PubMed, Embase, Cochrane library database, ScienceDirect, and Web of Science from the date of inception to March 2018. Search terms used were: "antifibrinolytics," "antifibrinolytic agents," "anti-fibrinolytic," "aprotinin," "tranexamic acid," "epsilon-aminocaproic acid," "spine surgery," "spinal surgery," "spine," "lumbar surgery," "thoracic surgery," "cervical surgery," "randomized controlled trials," "controlled clinical trial," "randomized," "controlled trial," "random," "placebo groups." The literature search was refined to randomized controlled trials (RCTs) in spine surgery. Reference lists in studies, reviews, and previous meta-analyses were checked to identify any initially omitted studies. Two investigators independently reviewed the title, abstract, and the full text of all articles. The recommended PRISMA statement and guidelines were followed for the present systematic review and metaanalysis [11] and the network meta-analysis was registered in PROSPERO (CRD42018094389).
Study eligibility criteria and exclusion criteria
Studies were included if they met the following criteria: (1) RCTs; (2) patients underwent cervical, thoracic, or lumbar spinal surgeries irrespective of anterior or posterior approach; (3) aprotinin, tranexamic acid, or epsilonaminocaproic acid was compared with placebo and/or each other; (4) studies evaluated the efficacy or safety of antifibrinolytic agents using at least one of the following endpoints: (a) amounts of blood losses (intraoperative, postoperative, or total), (b) transfusion requirements, (c) blood transfusion rate, (d) operative time, (e) postoperative hemoglobin (Hb) or hematocrit (Hct) value, or (f) number of postoperative thrombosis events. The following criteria were used for data exclusion: (1) retrospectively designed trials or trials of low quality; (2) letters, case reports, comments, meta-analyses, reviews, and meeting abstracts; (3) data were unavailable on odds ratios (OR) or standardized mean difference (SMD).
Assessment of risk of bias
According to the Cochrane Handbook for Systematic Reviews of Interventions, [12] 2 independent reviewers assessed methodological quality. The following criterions were evaluated: random sequence generation, allocation concealment, blind experimental design of participants and personnel, blind outcome assessment, incomplete outcome data, selective reporting, and other biases. Based on the report and appropriateness of methods, the included studies were graded accordingly: (1) low risk (methods were indicated and proper), (2) moderate risk (methods were not indicated), and (3) high risk (methods were indicated, but improper). Disagreements on risk of bias ratings were regularly resolved through discussion by the 2 reviewers or consultation with a third team member.
Data extraction
We compared the effects of aprotinin, epsilon-aminocaproic acid (EACA), low or high dose of TXA on blood losses, blood transfusion volume and rate, operative durations, postoperative Hb and Hct value, and the incidence of thromboembolism. According to Hui et al, [13] low dose of TXA (TXA1 group) was defined as bolus dose of no more than 10 mg/kg, followed by maintenance dose of no more than 10 mg·kg À1 ·h À1 . High dose (TXA2 group) was defined as bolus dose of 10 to 100 mg/kg, followed by a maintenance dose of greater than 10 mg·kg À1 ·h À1 . Two investigators independently performed the data extraction. The data extracted included both study characteristics and measuring outcomes from the included studies. Study characteristics included the first author's name, year of publication, sample size, intervention, dose, transfusion indication, and surgical procedure. Intraoperative blood loss, postoperative blood loss, total blood loss, blood transfusion volume, transfusion rate, postoperative hemoglobin (Hb) and hematocrit (Hct) values were recorded as the measured outcomes of effectiveness, while the incidence of thromboembolism was extracted as the measured outcomes of safety. When data were incomplete or unclear, attempts were made to contact the investigators for clarification.
Statistical analysis
Traditional pairwise meta-analysis was performed first, with SMD or odds ratios (ORs) and 95% confidence intervals (CI) of the endpoints as effect sizes. The fixedeffects model (Mantel-Haenszel method) was used for cases with no significant heterogeneity (P > 0.1 and I 2 < 50%); otherwise, the random-effects model was used. We used network meta-analysis methods to compare different incorporating evidence on both direct and indirect comparisons. Network meta-analysis was performed using STATA version 14.0 (Stata Corp LP, College Station, TX, USA) to calculate SMDs or ORs with 95% credibility intervals (CrI) and generate forest plots using Bayesian models compared the effect estimates of different therapies relative to comparator. STATA command metan was used to obtain the forest plot, and command netfunnel and networkplot were used to obtain the network funnel plots and the network plots. Rank probabilities were generated to determine the rank of therapies in which the given treatment ranked first as the most effective therapy, second, and so on.
Heterogeneity within pairwise comparisons was assessed quantitatively using Mantel-Haenszel x2 based test and I 2 statistic, with values over 50% indicating substantial heterogeneity. [14] Loop inconsistency, that is, the difference between direct and indirect estimates for 3 treatments within a loop, was evaluated by the inconsistency factor (IF) for the loop. Within each loop, the IF value was defined as IF = E direct À E indirect (E: estimate). We also derived a 95% confidence interval (CI) and a Z-test for IF. We rejected the null hypothesis that the evidence is consistent (H 0 : IF= 0), when P > 0.05 or IF was significantly greater or smaller than 0. [15] Funnel plot analysis was performed to assess small study effects or publication bias of pairwise estimates. All tests were 2-tailed. P < 0.05 was considered to indicate a statistically significant difference.
Results
Description of study and the risks of bias assessment
The initial database search yielded 602 citations (PubMed = 61, Embase = 273, Cochrane library = 56, ScienceDirect = 38, Web of Science = 174) and 41 citations from additional sources. Following elimination of duplicates, a total of 466 records were screened with 379 of the studies then being excluded by screening their titles and abstracts. The full manuscripts were obtained and analyzed, and we ultimately selected 30 RCT studies with 2087 patients for the analysis using the pre-defined inclusion and exclusion criteria. Of the 30 RCTs, 26 were 2-arm controlled trials comparing active intervention (4 RCTs of aprotinin, [40] [41] [42] 45] 3 of EACA, [34, 39, 44] 9 of TXA1, [16, [18] [19] [20] 22, 23, 32, 35, 37] 10 of TXA2 [17, 21, 24, 25, [29] [30] [31] 33, 36, 38] ) to placebo; 1 was a 2-arm trial comparing EACA to TXA2, [28] 3 were 3-arm trials (2 RCTs of TXA1 vs. EACA vs. placebo, [26, 27, 43] 1 was EACA vs. aprotinin vs. placebo [43] ). Figure 1 shows the flowchart for study selection process. The characteristics of included studies are presented in Table 1 .
Quality assessment was performed according to the Cochrane Collaboration tool for assessing risk of bias; overall, the studies were placed at low-moderate risk of bias. Nineteen of 30 included studies had adequate randomization, 2 of the trials were randomized by medical record number, one used odd and even numbers, and the remaining trials did not specifically describe the method of sequence generation. Nonetheless, there are only 13 articles reported the allocation concealment. However, more than half of qualified research studies used a blind experimental set-up. Attrition bias and reporting bias were performed in the included trials. Furthermore, the overall and study-level quality assessments were summarized [ Figure 2A and 2B], as well as were a network plot of all outcomes [ Figure 3 ]. Node sizes and edge widths in the network plot indicate the number of interventions being compared and the available direct comparisons between pairs of interventions, respectively.
Network meta-analysis of the efficacy and safety of antifibrinolytic agents
Intraoperative blood loss
Twenty-eight studies (n = 2014 patients) were included in the NMA for the intraoperative blood loss [ Figure 3A ]. Pooled results of the NMA indicated that aprotinin (SMD = À0.65, 95% CrI [À1.25, À0.06]), TXA1 (SMD = À0.58, 95% CrI [À0.92, À0.25]), and TXA2 (SMD = À 0.70, 95% CrI [À1.04, À0.36]) were more effective than the placebo in reducing intraoperative blood loss, while, EACA did not have a significant effect (SMD = À0.44, 95% CrI [À1.00, 0.12]). There were no significant differences when comparing aprotinin, EACA, TXA1, and TXA2 with each other for decreasing intraoperative blood loss [ Figure 4A ]. Furthermore, probabilities of rank plot were as follows: TXA2, TXA1, EACA, aprotinin, and placebo ranked 1 to 5, respectively, with rank 1 as the best and rank 5 as the worst [Supplementary Figure 1A and Table 1 Figure 4B ]. In the rank-probability test, TXA1 had the highest rank for reducing postoperative blood loss, followed by TXA2, EACA, placebo, and aprotinin ranked 2 to 5, respectively [Supplementary Figure 1B and Table 1 , http://links.lww.com/CM9/A14].
Total blood loss
In terms of total blood loss, 1078 patients in 14 studies were included in the NMA [ Figure 3C] were not significantly different from the placebo group in reducing the total blood loss. Furthermore, no difference in total blood loss was observed between antifibrinolytics using TXA1, TXA2, EACA, and aprotinin [ Figure 4C ]. TXA1 was observed to reduce most total blood loss, followed by TXA2, EACA, placebo, and aprotinin, ranks 2 to 5, respectively [Supplementary Figure 1C and Table 1 , http:// links.lww.com/CM9/A14].
Blood transfusion
Blood transfusion requirement was available in 20 studies including 1267 patients [ Figure 3D ]. Only the high dose TXA (TXA2) was more effective than placebo in reducing the amount of blood transfusion (SMD = À2.07, 95% CrI [À3.26, À0.87]) and it was significantly superior to TXA1 (SMD = À1.67, 95% CrI [À3.20, À0.13]). Pooled results did not reveal a significant reduction in blood transfusion by aprotinin and EACA administration compared with placebo. Furthermore, compared with aprotinin, the other 3 antifibrinolytics had no difference in reducing the amount of transfusion. In addition, there was no difference between TXA and EACA [ Figure 4D ]. Probabilities of rank plot were: TXA2, aprotinin, EACA, TXA1, placebo ranked 1 to 5, respectively [Supplementary Figure 1D and Table 1 , http://links.lww.com/CM9/A14].
Ratios of blood transfusion
The ratios of blood transfusion were reported in 17 studies (n = 1264) [ Figure 3E , while TXA1 significantly increased transfusion ratio than aprotinin and was no significant difference with placebo. Comparison of EACA and TXA2 with aprotinin, and TXA1 and TXA2 with EACA showed no significant differences [ Figure 4E ]. Probabilities of rank plot were as follows: aprotinin, TXA2, EACA, TXA1, and placebo ranked 1 to 5, Chinese Medical Journal 2019;132 (5) www.cmj.org 
Operative time
Data on duration of surgery were available in 27 studies with a total of 1735 patients [ Figure 3F ]. The operation duration from NMA and TXA2 administration appeared to have a statistically significant reduction in surgery duration compared with the placebo (SMD = À0.26, 95% CrI [À0.50, À0.01]). Whereas, the operation duration of other 3 administrations were not significantly different from placebo; there was no significant difference between all of 4 groups when compared with each other [ Figure 4F ]. TXA2 was ranked shortest in the rank probability test for operation duration, followed by TXA1, placebo, aprotinin, and EACA in order [Supplementary Figure 1F and Table 1 , http://links.lww.com/CM9/A14].
Postoperative Hb and Hct value
Based on the data of fifteen studies (n = 1144 patients), with TXA1 included in 6 studies [ Figure 3G ], TXA2 in 6 studies, and EACA in 3 studies, the antifibrinolytics were not significantly different when compared with the placebo and each other for the value of Hb postoperatively [ Figure 4G ]. Probabilities of rank plot were as follows: EACA, TXA1, TXA2, and placebo ranked 1 to 4, respectively [Supplementary Figure 1E and Table 1 , http://links.lww.com/CM9/A14). A total of 13 component studies (929 patients] was analyzed for the postoperative Hct value [ Figure 3H ], however, none of those antifibrinolytics had a statistically significant difference when compared with placebo and one another [ Figure 4H ]. Probabilities of rank plot were: EACA, TXA2, placebo, TXA1, and aprotinin ranked 1 to 5, respectively [Supplementary Figure 1E and Table 1 , http://links.lww. com/CM9/A14].
Incidence of thromboembolic event
There were 29 studies (n = 2026 patients) and 27 studies (n = 1932 patients) that reported incidence of postoperative DVT and PE, respectively [ Figure 3I and J]. This metaanalysis did not show a significantly increased risk of postoperative thrombosis event with antifibrinolytic agents administration [ Figure 4I and 4J]. Probabilities of rank plot are detailed in Supplementary Figure 1I and 1J, and Table 1 , http://links.lww.com/CM9/A14.
Consistency, convergence analysis, and publication bias
We found no significant inconsistency existed in this research, with the P value were lower than 0.05. The result of the consistency model was reliable. Moreover, all the Funnel plots revealed that all included studies were symmetrical in terms of standard error of the effect size and the effect size centered at the comparison-specific pooled effect for all endpoints. This indicates that there was minimal publication bias.
Discussion
The past 2 decades had the steepest volume rise in total number of spinal surgeries [46, 47] and for complex spinal surgeries. [48] Unfortunately, reconstructive, multilevel procedures, as well as single-level spinal surgery can be complicated by significant blood loss, which often necessitates blood transfusion. [19, 23, 34] Massive transfusions can result in metabolic abnormalities, electrolyte disturbances, clotting abnormalities, and hypothermia. Moreover, patients undergoing elective spinal surgery, even after they received a single blood transfusion, have been shown to have an increased length of hospital stay and higher postoperative morbidity. [49] Because blood transfusions carry their own costs and risks, it is important to control perioperative bleeding. In order to reduce blood loss and blood transfusion requirements, many methods have been applied, such as controlled hypotension, preoperative use of erythropoietin, varying surgical procedure, use of cell salvage, bedside coagulation management, substitution of coagulation factors, and the use of antifibrinolytic drugs. [1, 27, 40, 50] Aprotinin, TXA, and EACA are 3 commonly used antifibrinolytics. Aprotinin is a polypeptide serine protease inhibitor that inhibits kallikrein, plasmin, and plateletactivation factors. The drug was used primarily for the treatment of hyperfibrinolysis conditions such as acute pancreatitis. After Royston et al [51] reported aprotinin could reduce blood loss and the need for transfusion in cardiac surgery, the medical indications of aprotinin was Chinese Medical Journal 2019;132 (5) www.cmj.org Chinese Medical Journal 2019;132 (5) www.cmj.org expanded to use in cardiac, hepatic, and orthopedic surgeries to decrease bleeding and transfusion. [40] [41] [42] 52] In an observational study involving 4374 patients undergoing revascularization, Mangano et al [53] reported that aprotinin was associated with an increased risk of renal failure, myocardial infarction, heart failure, stroke, encephalopathy, and mortality. Because of safety concerns, the United States Food and Drug Administration announced that the manufacturer of aprotinin had halted its production in November 2007. And now aprotinin is only allowed for myocardial revascularization, [8] so there are only 5 RCTs [40] [41] [42] [43] 45] included 115 patients about aprotinin in our analysis. EACA, a synthetic derivative of the amino acid lysine known by the brand name of Amicar, binds reversibly to the kringle domain of the enzyme plasminogen to block fibrin binding, which inhibits plasminogen activation and its transformation into plasmin. EACA also inhibits the proteolytic activity of plasmin and preserves the structural and functional integrity of the platelet receptor. It has been widely used in cardiac bypass procedures, hematologic disorders, abruptio placentae, hepatic cirrhosis, and neoplastic disease. [6] The action mechanism of TXA and EACA is similar, however, TXA is 7 to 10 times more potent than EACA and binds more strongly to the plasminogen molecule, [26] and higher doses of TXA have been used safely in numerous studies. [17, 38] Based on previous studies and reviews, those antifibrinolytics have been demonstrated to be effective for reducing blood loss and transfusions in spinal surgery. However, among the antifibrinolytics, the best strategy for application in spine surgery is still unclear. Thus, it is necessary to make a comprehensive comparison among different antifibrinolytics to improve our understanding of their various therapeutic effects and safeties.
To the best of our knowledge, this research was the first comprehensive comparison of those 3 antifibrinolytics. In our NMA, a total of 30 high-quality RCTs including 2087 patients met the inclusion criteria. Both direct and indirect comparisons were carried out to evaluate antifibrinolytics in spine surgery. We aimed to find out the best intervention that could balance both efficacy and safety. As for efficacy, we evaluate these drugs by 8 points, including intraoperative blood loss, post-operative blood loss, total blood loss, blood transfusion, ratios of blood transfusion, operative time, postoperative Hb value, and postoperative Hct value. Furthermore, the incidence of DVT and PE was used to assess the safety. From the result of NMA, we concluded that: (1) TXA, both in low and high dose, had a significant efficacy and ranked top 2 in reducing blood loss in spine surgery, for intraoperative and postoperative as well as for total blood loss. Whereas, aprotinin could only significantly reduce intraoperative blood loss. As for EACA, compared with the placebo group, there was no significant difference in reducing the perioperative blood loss. Meanwhile, no obvious difference was observed between aprotinin, EACA, TXA1, and TXA2 [ Figure 4 ]. (2) With respect to transfusion, the high dose of TXA, ranking first in reducing blood transfusion requirement, was significantly more effective than the placebo and low dose of TXA. However, aprotinin, EACA, and low dose of TXA had no obvious differences when compared with the placebo and each other. Moreover, aprotinin, EACA, and high dose of TXA were associated with a significantly lower ratio of transfusion comparing with placebo. Aprotinin ranked best at reducing the transfusion need, followed by high dose of TXA, with both were superior to low dose of TXA. Although we demonstrated that high-dose TXA was the best administration for controlling blood loss and transfusion in spine surgery, the results still needed to be discussed. TXA plays an antifibrinolytic role by acting as a reversible blockade of lysine-binding sites of plasminogen molecules. However, data on a TXA concentration-effect relationship are rather rare. A pharmacodynamic study showed the need for target TXA plasma concentrations was greater than 10 mg/mL. While in a cardiac study, high dose (30 mg/kg bolus followed by 16 mg·kg -1 ·h -1 infusion) was more effective than a low dose (10 mg/kg bolus followed by 1 mg·kg -1 ·h -1 infusion) to decrease transfusion needs, blood loss. [54] There were no dose-response studies available in spinal surgery, and a relationship between TXA doses in controlling blood loss was not well established. However, previous studies have suggested that high doses of TXA were more effective than smaller doses, [13] and the mechanism still needs further research for molecular evidence. Based on our network results and ranking results, we recommended high-dose TXA as the optimal administration that had the best efficacy and safety. For efficacy, high-dose TXA could effectively reduce perioperative blood loss, transfusion, and operative time, and ranked the best in terms of intraoperative, postoperative blood loss, transfusion requirement, and operative time. Low-dose TXA could also reduce perioperative blood loss, but it only ranked first in total blood loss. Furthermore, low dose of TXA had no significant role in transfusion. Although our NMA and previous traditional meta-analyses indicated high dose TXA was more effective, [13, 55] there is still no consensus on the optimal exact dosage of perioperative TXA administration. When it came to safety, high-dose TXA did not increase the incidence of DVT and PE of the patients. According to Wang et al [9] , aprotinin could significantly reduce intraoperative, total blood loss and transfusion requirement and rate but had no effect on postoperative blood loss in scoliosis surgery, and EACA had less total blood loss and transfusion. However, Li et al [7] conducted a traditional meta-analysis concluding aprotinin and EACA could reduce postoperative blood loss, but these 2 drugs had on effect in reducing intraoperative, total blood loss, and transfusion requirement. In our NMA, we concluded that aprotinin could reduce intraoperative bleeding and both aprotinin and EACA had lower transfusion rates.
Overall, there were several strengths in our research: (1) comprehensive retrieval strategy was applied to reduce the risk of publication bias; (2) our study was the first comparison of direct and indirect approaches, which Chinese Medical Journal 2019;132 (5) www.cmj.org incorporated all available data to evaluate the interventions more precisely; (3) the docimastic probabilities of rank plot were utilized to distinguish the differences among all surgeries; (4) all of eligible RCTs had described random sequence generation; (5) operative time and postoperative Hb and Hct values were pooled as measuring outcomes. Nevertheless, our meta-analysis does have certain limitations which needed to be addressed. Firstly, the enrolled ages, diagnoses, surgical procedures, fusion levels, transfusion triggers, intraoperative mean arterial pressure (MAP), antifibrinolytics dosages, and subsequent infusion rate varied from one study to another, which may introduce considerable bias in the analyses. Secondly, the detailed blind methods and allocation concealment were not described in some RCTs and that may affect the validity of overall findings. Despite these limitations, the present NMA supports the efficacy of TXA in reducing blood loss and transfusion in spine surgery.
Conclusion
In conclusion, this NMA suggests that the high-dose TXA might be the optimal administration with high efficacy and safety when compared with low-dose TXA, EACA, aprotinin, and placebo in spinal surgeries, which significantly reduces the intraoperative, postoperative, perioperative blood losses, the blood transfusion requirement and rates, and the operative time. There is no evidence that use of antifibrinolytic agents is a risk factor for thromboembolism event in spine surgery. However, considering limitations of this NMA, efforts still should be paid to eliminate the heterogeneity and additional high-quality studies are needed to further evaluate the outcomes.
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